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ABSTRACT 
This report describes an investigation to determ.ine the most 
efficient remedial rnea.s ures toward prevention of scour due to periodic 
flooding of the Wabash River at Bridge 3 on the Illinois State Bond­
Issue Highway Route 139 between Crossville, Illinois, and New Harmony, 
Indiana. 
The inves tigation includes mainly the collection and analys e s of 
field data and laboratory studies of a 1:50 scale hydraulic model. Re­
sults 'of the investigation reveal a rrio s t advantageous remedial measure 
which cons is ts of (1) r emovel of timber from the ups tream. wooded 
is land, (2) proper ins tallation of parallel, perm.eable, stepped dikes on 
the upstream side of the bridge, (3) replacem.ent of pile bents by piers, 
and (4) construction of a cut-off wall across the upstream. end of the 
scour hole on the downs tr e arn side of the bridge. It is believed that this 
rem.edial measure can also be applied to other sim.ilar problems. 
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NOMENCLATURE 
A = area in sq. ft.
 
Am. = area in sq. ft. in the model.
 
A = area "in sq. ft. in the prototype.
p 
D = d iarrie te r of pipe in ft. 
d = depth of flow in ft. 
d = depth of flow in the m.odel.m 
d = depth of flow in the prototype.p 
F = Froude number. 
~ = Froude number of the rrio d e L. 
F P = Froude number of the prototype. 
g = gravitational acceleration of approximately 32.2 ft. per sec. 
per sec. 
L = length in ft. 
L r = scale ratio. 
n:rn = Manning's roughness coefficient of the rrio d.e l . 
n p = Manning's roughness coefficient of the prototype. 
Q = dis char ge in cfs . 
Qrn. = discharge in cfs. in the model. 
= discharge in cfs. in the prototype. 
= Reynolds number. 
viii 
= Reynolds number of the rno de l.RIP 
R = Reynolds rrurnbe r of the prototype.p
 
S = hydraulic gradient.
 
V = velocity in ft. per sec. 
V = velocity in ft. per sec. in the model. TIl 
V = velocity in ft. per sec. in the prototype.p
 
Vol. = volume in cu. ft.
 
VoL = volurrie in cu. ft. in the rrio d e l , 
rn 
. VOl. = volurne in cu. ft. in the prototype.p 
v = kinematic viscosity in sq. ft. per sec. 
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I INTRODUCTION
 
1 The Problem 
The structure under investigation is the New Harrn.ony Bridge 
No , 3 1 abbreviated hereafter as Bridge 30 It is one of the five overflow 
bridges located near New Harmony, Indiana, on the Illinois State Bond­
Issue Hi.ghway Route 139 that links New He.r rnorry, Indiana, and Cross­
ville, Illinois (Fig ~ 1)0 The overflow bridges have been providing five 
flood openings along the earth embankrn.ent of the highway across the 
flood plain west of the Wabash Rivero The e rnbankrnent, about 305 m.iles 
long and 20 to 25 feet high, is built of m.aterials taken from a continuous 
borrow pit along the south side of the right-iof-way. During flood peri­
ods the function of the overflow bridges is to permit continuous move­
rnent of flood waters over the flood plain to relieve excess flood load 
from the main channel. Except at Bridge 3» the- performance of these 
venting structures has been proved to be fairly s at.is fa c to r y. 
The location of Bridge 3 is about one mile west of the rnain 
bridge across the Wabash River This is a three-span girder bridge0 
supported by piers built of concrete-capped piles and by abutrnents 
which have sloping aprons to protect the fill. The clear opening of the 
bridge is 137 feet m.easured between the tops of the a butrn.errts . After 
about eighteen years of service a deep h o Ie , known as the ""blue hole, 
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was developed on the downs tream s ide of the bridge by the scouring 
action of successive flood waters. The size and depth of the hole have 
grown to such an extent that the bridge structure and approach fills are 
seriously endangered. 
2 Situation Leading to Investigation 
Since the completion of the bridges in 1933, scouring action at 
Bridge 3 was first observed in the February of 1937. It was noticed 
that the scour had developed at the irrnnediate downstream side of the 
bridge and near the sloping apron of the east abutm.ent. The situation 
was very critical, but prompt m.eas u r e s taken by the Illinois Divis ion 
of Highways had saved the pile footings and abutments from. a complete 
failure although the downstream sloping apron of the east abutment was 
unfor tunate 1y los L 
P...fter the subsidence of the flood waters it was found that the 
scour hole had encroached to within 6 feet of the nearest pile bent and 
some scour had taken place under the bridge. There was evidence that 
the alert action by the Divis ion of Highways forces had prevented the 
structure from serious damage. To avert further encroachment, 
sufficient rubble and old street paving were dumped under the bridge 
and along the north edge of the scour hole for a dis tanc e of 16 feet from 
the pile bent. This stabilization work had very likely stopped an other­
wise almost irreparable damage at a later date. 
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In 1945 there we.s a flood in the Wabash River. A survey after
 
the subs idence of the flood dis clos e d a hole about 250 feet in diameter
 
on the d o wris t.r e e m s ide of the bridge The deepes t portion of the hole,
0 
located about 120 feet from the nearest pile bent" was 35 feet lower than 
the ground surface under the bridge and 4 feet Iowe r than the bottorn of 
the bridge piles. Figure 2 shows the location of the hole and the profiles 
through the hole as they were observed in 1945 and in 1950. It will be 
noted that during this period the hole had been considerably deepened 
and errIar ge d. Movement toward the bridge was not great, however, un­
doubtedly because of the earlier stabilization efforts of the Division of 
Highways. 
The vo lurne of the hole below elevation 360 which is the average 
elevation of the hole periphery was about 29,,500 cu , yd , in 1945. In 
1950, the volurne of the hole below elevation 360 was over 42»300 c u , yd .; 
an increase of nearly 12»800 c u , yd. over the 1945 vo Iurrie or an ave-rage 
of about 2,560 cu. yd. of material r-ernove d per year , Figure 3 shows the 
volume of the rne.te r Ie.I removed from the hole as plotted against the date. 
By extending the line joining the two plotted points backwa.r-d in t irrre , it 
can be seen that the line intersects the abcissa for zero volume of the 
removed material at a date of 1933 which is the date of completion of the 
br-idge. T'h i s , however, seems to be jus t coincidentaL Ther e is no doubt 
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that the rem.oval of the m.aterial will continue under the present con­
dition. The plot shows a trend which indicates that the corn.plete failure 
of the bridge structure can be expected in a very near future. The situ­
ation has developed to such an extent that a thorough investigation of 
the problem is definitely necessary. Such investigation may lead to the 
development of a rem.edy that will save the structure from a complete 
failure and avoid cos tly m.aintenance in the future. 
3' Objective of Study 
The objective of the present investigation was twofold: (1) to 
ascertain the cause of the excessive scour downstream. from Bridge 3, 
and (2) to develop a p r a c tfc a l , reliable, and economical method of 
eliminating the existent dangerous scour condition. 
4 Scope and Method of Study 
The scope of the present study covers the following phases: 
(1) Gollection of field data, including flood records 1 topograph­
ical information, location and dirnens ions of structures and other1 
related information. 
(2) Hydrologic analysis of data, including construction of hydro­
graphs and rating curves and flood frequency analysis, 
(3) Laboratory investigation, including design and construction 
of a hydraulic m.odel, instrumentation and verification of the m.odel, and 
-4­
testing. The testing covers the original calibration of the m.odel and 
revision tests on the m.odel modified for various rem.edial rrie a.s ur-e s , 
Silt tests were also conducted to determ.ine the scour condition. 
(4) Study of remedial measures to determine a suggested so­
lution for the problem, 
The general method of study consists of analyzing the available 
data by both hydrologic and hydraulic approaches and determining the 
solution of the problem. by laboratory investigation. of a fixed~bed3 un­
distorted hydraulic modeL 
5 Principal Findings 
The present investigation leads to the following major findings: 
(1) Cause of the blue hole. 
(2) Flood situation at Bridge 3. 
(3) A sound solution of the problem. based on factual field data 
and laboratory Inves Hgatjon, 
(4) Feas ibilityof a laboratory inves tigation and applicability of 
the results to other similar problems 0 
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II ANALYSIS OF THE PROBLEM 
7 Field Data Available 
The field data available for the analysis of the present pr-ob lerri 
are as fa llows : 
(1) Stream Flow Data The data include stream flow rneasure­
m.ents made from 1935 to 1950 by the Louisville District Office of the 
Corps of Engineers for river stages exceeding 18 It , at the New 
Harmony gage, The gage is located near the m.ain bridge span across 
the Wabash River, a mile east of Bridge 3, These measurements in­
clude discharges and mean and rn.axirn.um velocities of flow through 
Bridge 3, and stage data at the New He.r-rnorry gage during the time of 
meas ur-errient , 
(2) 1944 FlOud Data These include water surface elevations at 
38 reference points along the length of the highway embankment an.d a 
map showing spotted velocity obs ervations and directions of flow for 
the high water of April 1944 as observed by the Corps of Engineers ~ 
(3) 1950 and 1951 Flood Data These data were observed by the 
University personnel. They include: 
(a) Upstream and downstream water SUrface elevations 
at Bridge 3 obtained during high waters of 1950 and 1951, 
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(b) Photographs of the problem area during the high 
water of 1950 and after the subsidence of the high 'water (Fig. 4). 
These photographs include not only the views taken during different 
periods of high water and the pictures of topographic details, but also 
views of sediment deposition that has taken place at or near the edges 
of the scour hole, and the view of the ups tr-earn s lope of the wes t 
a pproach fill. 
(c) Observations of surface flow patterns during high 
water periods of 1950 and 1951, and observations of significant to.... 
pographic features in areas contiguous to Bridge 3. 
(4) Scour Contours These include a contour map of the blue 
hole during the s urrirner of 1945 and a contour map showing the high­
way embankment and areas contiguous to the scour hole in 1950. Both 
maps were prepared by the Illinois Division of Highways. 
(5) Bridge 3 Design Drawing This drawing was prepared by 
the Illinois Division of Highways, showing construction and dimensions 
of the Bridge 3 structure. 
8 Hydrographs for the 1943 Flood 
Using the flow data collected by the Corps of Engineers, hydro­
graphs in semi-log plots (Fig. 5) were prepared for discharges thr-ough 
Bridge 3 and Bridge 4 and for the total discharge through the flood 
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plains as well as the main channel during the flood of May 1943. These 
hydrographs cover stages only greater than 18 ft. at the New Harmony 
gage, since for lower stages the data are not available. It was noted 
later in the study that the peak discharge through either Bridge 3 or 
Bridge 4 was less than 5 per cent of the total. The average discharge 
per foot of the bridge length at the peak of the flood, howe-ver, was 
found to be 112 1 c fs for Bridge 3, 89.7 cfs for Bridge 4, and 73.3 cfse 
fo r the main channel bridge. The highes t dis char ge per foot of the 
bridge at high water stages is probably a rriajor factor responsible for 
scouring at Bridge 3. 
9 Rating Curves 
Using the h'yd r ogz-aph data of 1943 at Bridge 3 as described in 
the preceding article, a mean rating curve was prepared as shown in 
Fig. 6A. In plotting this curve, all discharges at Bridge 3 were plotted 
with reference to the New Harmony gage and an average curve was 
drawn for these points. This ayerage curve represents the mean rat­
ing CUI've at Bridge 3 with r-efe r e nc e to the New Harmony gage. 
Similarly, the mean rating curve for the total flood discharge is also 
shown in Fig. 6B for the sake of reference. 
In order to obtain a rating curve at Bridge 3 with re-ference to 
the ups tream and downs tream stages, us e was made of the Corps of 
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side of the a.butrnent, resulting in great turbulence. The approach flow 
in the form of a prism moved freely near and in parallel to the em­
bankment fo r a dis tance of 150ft. on each s ide of the bridge opening 
The flow was actually divided into two main s egrnents by a t irribe r e d 
area near to and upstream. from. the bridge opening. Thes e rnain seg­
ments of flow approached the bridge, met each other at angles under 
and downs tr-earn from the bridge, and thus created turbulence and 
hydraulic forces which are responsible for the scour. 
As mentioned previously, a continuous borrow pit was rnade on 
the south side of the r-oadway , Cons e quentLy, the relatively s tab le , 
vegetated topsoil was stripped off the borrow pit area and a more 
easily erodible surface was exposed. In the area immediately down­
stream from the bridge structure, the exposed erodible surface was 
apparently not sufficiently resistant to the hydraulic forces of the 
turbulence created by the conver ging stream. flowing toward the Bridge 
3. As a r-es ul.t, scour in the area became aggravated. 
The hydraulic forces of the turbulent flow have developed scour 
and eventually caused the formation of the blue hole. Coarse material 
scoured fr orn the hole was carried away and deposited at the down­
stream. side of the hole. The size of the scoured material ranges from 
fine sand to rubble of ten or twelve pounds Inweight.. Much of the 
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heavier material consists of paving bricks or brick fragments which 
had been used for stabilization at the bridge and has been found to de­
posit as far as 350 ft. downstream from the structure. As would be 
expected, the finer material was carried away and deposited farther 
from the edge of the hole, and the extent of the depos iHon was abrupt 
and distinct. Deposition of various types of rnater Ial can be seen in 
Photos 3, 4, and 5 of Fig. 4. 
"II Related Information 
(a) Comparative Flow Condition at Bridge 4 Bridge 4 is 
located about 3,600 ft , west of Bridge 3. As far as the s i ze and con­
s truction are concerned the two structures are practically identicaL 
However, little scour has been experienced at the site of Bridge 4. 
The difference in scouring condition may be due to the difference in 
flow char a c ter Is tdc s , At very high flood stages the discharges through 
Bridge 4 have been found to be Ies s than thos e through Bridge 3; but 
for moderate flood stages, they were greater. The approach. area to 
Bridge 4 is free of trees; whereas the approach immediately upstream 
from. Bridge 3 is tim.bered area which divides the flow, resulting in 
converging currents and the accom.panying turbulence. By comparison 
with the flow condition at Bridge 4, it seems that the high discharge at 
peak stages and the turbulence resulting:"frorn"theexistence o'f'fhe 
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timbered area may have been the major responsible factors causing the 
scouring at Bridge 3, 
(b) Reference to the Operation of the Mississippi River Flood­
~ Reference is made to the operation of the Mississippi River 
Floodways in which the for-rna tion of a sizable scour hole at a levee 
crevasse is a normal and usual occurrence. The process of forming 
the scour hole is as fo IIows : (1) a break occurs in the Ieve e , (2) a hole 
scoured on the downs tream side of the levee crevasse, (3) the width 
of crevasse is enlarged, (4) the hole is enlarged by scour on the un­
stable upstream edge of the hole, and (5) the upstream edge of the 
scour is rnoved ups tream through the levee and onto the adjacent land, 
(See Ref. 1 in Appendix 4) 
It is noted that the opening at Bridge 3 is similar to a crevasse 
in a levee with paved side slopes Q At Bridge 3, the paved toe of the 
roadway approach fill prevents a widening of the opening and the huge 
quantities of rubble placed under the bridge for maintenance have 
stabilized, at least temporarily, the floor of the opening and thus are 
retarding the rate of progression of the h~le toward the bridge. If the 
normal development of a c r e vas s e were allowed at Bridge 3, the hole 
would have moved upstream. through the bridge opening. Since the 
elevation of the bottom of the hole is 10 feet below the elevation of the 
Metz R ..p 
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bottom. of the 50-foot piling? such a development would undoubtedly be 
disastrous to the bridge. 
(c) Reference to the Scouring at Mitchell Creek Bridge The 
Mitchell Creek Bridge is on the Federal=Aid Secondary Route No. 15A 
between Cowden and He r-r ic k, Illinois. The bridge is 130ft. long. It 
has operr-e.butrnerits and a three,;.,span structure of steel beams con­
s tr-uc ted on top of concrete-capped column bents. The bents are sup­
,ported below the stream. floor on 24-£t. Iong, concrete-capped wood 
piles. When the bridge was first corrrpIeted , the stream. floor elevation 
was about 3 ft. above the concrete cap of the piles. Since then, scour 
has occurred and a blue hole is formed. The present elevation of the 
hole bottorn at the center bent is about ft. the cap of the piles.
 
The dee-pest portion of the hole is found directly below the bridge at a
 
depth of about 12 ft. above the" base of the piles.
 
12 Discussion of Various Suggestions for Improvement
 
Several suggestions have been made proposing rem.edial 
rnee.s ur e s to halt sco~r at Bridge i other than those to be tested in the 
laboratory. These suggestions deserve an opinion, and thus a brief 
discussion of the proposed measures are given as follows ~ 
(1) Natural Filling of the Blue Hole It has been questioned 
that whether or not the blue hole may be filled up by natural deposition 
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over a period of years after the r-errie d ie l measure to stop scour has 
been made effective. However , the possibility of such natural siltation 
seems to be extremely unlikely if not impossible. The possibility 
arises only due to the fact that the lower portions of the blue hole will 
be filled by sloughing or shifting of Inaterial from higher areas of the 
hole. Actual filling of the hole by deposition of upstream material is 
hardly possible. 
With reference to the flood of March 1944 as recorded by the 
G01""ps of Engi:neers the velocity of the flood plain flow at about 500 ft. 
ups t'r ee.rn from Bridge 3 was 1,1 ft. per sec. When the depth of water 
was 6 ft. the velocity was less than 2.0 ft. per sec. in most locations 
over the flood plain. As flow approached Bridge 3, the velocity in­
creased to a rriaxfrnurn at the bridge opening. Ve Io c i ti.es in the hole 
I 
! 
were well in excess of 2.0 ft. per sec. and would continue to be so 
even if the r ernedfa l measure were made effective. Any material 
carried to the bridge site by flood plain velocities less than 2.0 ft. per 
sec. will be carried on through or across the hole to be depos i.ted, if 
at all, on the flood plain well downs tream from the hole. 
(2) Artificial Filling of the Blue Hole To completely fill the 
scour hole, as has been suggested, without recourse to further rerne­
dial rneasur e s , would merely start again the cycle of the process of 
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blue.;"hole formation. Due to lack of compaction, cohesion, and vege­
tated overbur·den of the filling material comparable to natural ground 
conditions, it is to be expected that the blue-hole proces s would recur 
at an increasing rate. And the lack of the natural resisting forces to 
scour would only make the situation worse. 
(3) Closing the Bridge Opening Consideration has been given 
to the feasibility of completely closing Bridge 3 and eliminating it en­
tire1yas a venting structure. It is belieyed that such action would in­
crease the water load of Bridge 4 to such an extent that the blue-hole 
process would very probably start at the site of Bridge 4 and would 
progress at a rnore rapid rate than has been manifested at Bridge 3. 
13 Approach by Hydraulic Model 
After observation of the prototype condition during the flood of 
January 1950, it was believed that the rnos t reasonable way of studying 
the problem. would be the use of a hydraulic rnodel, The hydraulic 
model is a s ys tern, similar to the prototype system in certain exact 
relationships, which for present purposes could be altered so as to 
predict future action of the prototype from the model. The hydraulic 
model may be classified into two general types with respect to bed­
load rrio've'rnent.; nam.ely, the fi.xe d-sbed m.odel and m.ovable-bed model. 
Either of the two types ..may be further described as distorted scale or­
-17­
undistorted scale. Generally speaking, however, a movable-bed model 
requires a distorted scale. (For further information see Ref. 2.) 
The procedure to be followed before designing a model for the 
Bridge 3 problem was to assemble all prototype data and then to de­
termine the feasibility of construction of a d i.s to r.te d , movable-bed 
model. After exarrrirririg the data available for this problem, however, 
it became apparent that information available to verify the distorted, 
movable-bed rnod e l within a necessary lirnit of accuracy was insuffi­
cient. F'ur ther-mor e , the cost of a rnovable-bed is very high, several 
times that of a fixed-bed rnod e l , due mainly to the large arnountof 
verification time required and the vastly increased testing effort. In 
the present pr obIern it was apparent that the advantages of a movable­
bed model would not justifiably warrant the high cost involved. On the 
other hand, the data obtained Erorn a fi.xe d-ibed model would be quite 
satisfactory for developing a solution of the present problem. It was 
expected also that the tests of a fixed-bed rno de I would yield a clear 
picture of the hydraulic conditions at Bridge 3. In other words , flow 
patterns, velocities, and scouring capacities of flood waves as observed 
from the model would be sufficient to indicate the present condition of 
the structure as well as the condition after any remedial measure has 
been made. It was further believed that after the laboratory 
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investigation by hydraulic rnodeI was completed a sound basis for 
analysis and ·cornpar.fson of the hydraulic advantages of various reme­
dial m.easures could be obtained, arid such information should .be ap=­
plicable also to other s Irnt.le.r problem.s. 
III LABORATORY INVESTIGATION 
14 Des ign of Model 
As mentioned p r evious Iy, a model may be designed as either a 
movable-bed m.odel or a fixed=bed rnodel . Owing to the meagerness of 
field data and the increased cost and effort for the construction of a 
:movable-bed model, a fixed-bed undistorted model was adopted for the 
use of the laboratory investigation. The design of the model is based 
on the conditions described be Iowi 
(1) The natural stream flow is gener-aIl.y turbulent, In order to 
obtain similarity in a model of turbulent flow it is necessary that the 
model flow also be turbulent.. By the principle of fluid mechanics, this 
m.eans that the Reynolds number 
R = VL (1) 
V 
be greater than a critical value. In this equation, V is the velocity in 
ft. per sec., 11 is the kinematic viscosity of water, approximately 10-5 
sq. ft. per sec. on the avez-age, and L is a characteristic length in ft. 
For flow in pipes, the pipe diam.eter D is taken as the che.r ac ter is tic 
length, and the upper critical Reynolds number is about 3,200 d epe nd-: 
ing on the roughness and pipe diameter. For flow in wide open channels, 
the depth of flow d is taken as the char-ac te'r Is tdc length. The depth of 
flow In a wide open channel is equal to the hydraulic radius, while the 
diameter a! a pipe is equal to four tim.es its hydraulic radius 0 There­
e, for the same hydraulic radius, the corresponding upper critical 
Reynolds number for flow in wide open channels is about 37200/4 or 
800. The flood-plain channel under consideration has a relatively 
shallow depth as compared to its width, and hence it can be cons idered 
as awidg openuharinel , Consequently, in order to maintain a turbulent 
flow in the model channel, it is required that 
_ Vrndrn· (2)
R 11· > 800 
in which the subscript rn indicates the rnode l condition. 
(2) The flo~ at Bridge 3 is influenced primarily by forces of 
gravity and inertia. By the principle of fluid mechanics, the Froude 
number of the sim.ulating rnodelshould be equal to that of the proto­
type. The Froude num.ber is defined as 
v (3)F = 
in which V is the velocity of flow in fps, g is the gravitational accel­
eration which rnay be taken as 32.2 ft. per sec. per sec., and L is a 
characteristic length or the depth of flow, d, in cas e of channel flow . 
.Using subscripts In for model and p for prototype, it is required that 
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F F (4)
= 
-rn P 
V 
In (5) = 
At Bridge 3, the minimum depth and velocity of flow upstream 
trom the bridge are respectively d == 2 ft. and V = 1.5 fps. Substi-P P 
.tuting these values in Eqs. 2 and 5, the following are obtained 
(6)
 
and 
1.52 
= (7) 2 
Solvi;ng Eqs. (6) and (7), d
m>O.0385 ft. Therefore, from the hydraulic 
point of view, the scale ratio of the model should be about 2/0.0385 = 
52. 
The laboratory facilities available for the construction of the 
model are: A space of 21 ft. by 31 Et,; a maximum rate of flow Q = 
In 
5 cfs . and a calibration capacity for flow of Q = 1 cfs. It was also 
. .. In 
desirable that the model include an area of AOO to 500 ft. to each side 
of the bridge centerline along the roadway and 600 to 800 ft. of the 
approach areas for siInulating the prototype flow at the bridge and blue 
.... 22­
· With all these considerations, an undistorted model scale ratio of 
owas adopted. 
After the scale ratio is decided, the relationships between the 
model and prototype d irnens ions rnay be computed by the following 
formulas, and the computed values are s hown .dn Table 1. In these 
formulas, L r represents the scale ratio, being equal to 50, and sub­
scriptsHrn~~ and I.\p~~ indicate r-es pec t iveLyrthe model and prototype 
conditions. 
or d '= 
In 
dP Iso (8) 
Area 
A p ;;;: A L 2 m r = 2?500 Am or (9 ) 
Volume 
or Volm. = Volp /125, 000 (10) 
= 12 5 , 00 0 v0 lill 
Velocity 
v p =VrnL r 0 .5 =7.07 VIn or Vm = Vp /7.07 (11 ) 
Discharge 
Q p = Q L 2.
5 
= 17. 680 Qmn'1. r ' or (12 ) 
Roughness 
n.,}J = n LIn r 1/6 = 1 92 . nm or .( 13) 
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Derivations of the preceding equations are given in Appendix 1.
 
IS Model Construction
 
A hydraulic model of the problem. under investigation was built 
in the Hydraulic Engineering Laboratory of the University, For cre­
ating a space for the model» a :monolithic reinforced concrete retaining 
wall 21 in. high and 4 in. thick was first laid directly on the laboratory 
floor~ ··For waterproofing pU1"pOS e s , a chemical compound was used in 
the construction. At both upstream and downs tr e arn of the model, a 
low weir waLl at each end was constructed at a position 15 in, inside 
the retaining walL At the ups trearn e nd , the pU:r'pos e of the wall was to 
provide a stilling basin for insuring an even distribution of the £low 
supply. At the downstream end)' the wall formed a discharge channel 
leading to a 90° V-notch we i'r where the rate of flow was to be 
measured. 
The model proper was cons tructed of concrete in cours es and 
in two layers. The concrete for each course of the bottorn layer was 
placed in an area of one or two feet wide and as long as the 'width of 
the modeL The placing of concrete was rriad e from both the ups tr e a m 
and downs t.r ea.rn ends of the model and progressed toward the center 
sec tion wher e the mode 1. br idge and roadway we r e to be Ioc a ted later. 
The bottom layer consisted of an inexpensive but very stable mix of 
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Table 1 Relationships betwe e n model and prototype dimensions 
Prototype value Model valueItem
-
Total w id th , ft.
 
Total length, ft.
 
Min. depth upstream. from
 
bridge; It. 
Min. velocity upstream from
 
br idge , fps.
 
R = Vd/';
 
Max. Q, cfs.
 
n 
Bridge opening c. to c. 
of pile cap, ft. 
Single span length, ft. 
Square pile d irrie'ns ion, ft. 
Blue hole depth below 
elevation 362 
Crown of road to bottorn 
of blue hole 
50 i 
1,000 20 
1,400 28 
2 0.04 
1.5 0.212 
3 x 105 848 
17,000 0.962 
0.025 0.0130 
0.030 0.0156 
144 2.88 
48 0.96 
1.33 0.027 
42 0.84 
65 1.30 
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1:7 sand .... c e rn.e rrt mortar, and it was poured to within about 2 in. of the 
desired model surface. The top layer consisted of a 1~4 mix of 
Zonolite c onc r e te , and it was placed as nearly to the grade as possible 
after the bottom course had set sufficiently to provide a firm base. 
Zonolite concrete is a light-weight aggregate concrete composed of 
expanded mica aggregate and Portland c ernent , This material was 
used for- the construction of the top layer because it can be easily 
molged and shaped to reproduce required geom.etrical features of the 
prototype with satisfactory exactness. 
The surface of the top layer was placed approximately to grade 
by a movable form board which was set to the desired elevation by 
rnee.ns of a dumpy level. As soon as the top layer had set for a suf­
ficient period of at least 15 hours, contours were drawn to simulate 
those of the prototype. The top layer was placed to a thickness a little 
in excess of that required so that by using a disc sander and a plane 
the model surface could be cut to exactly the required grade. The en­
tire surface of the model was cut to within to.005 ft. of the model 
elevation values. 
The water supply for the model testing was provided by a con-· 
stant head tank whose skimming surface was nearly 12 ft. above the 
model surface under the model bridge. Water fr-orri the constant head 
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tank was led through an 8-inch supply line to an 8-inch control valve 
near the ups tream end of the model. From the valve the flow continued 
through an 8-inch header pipe which extended over the model and 
through 6-inch tees and reducers to three 4-inch downcorners. Each 
downcomer was fitted with a 4"'inch tee at iis lower end. The t~e was 
"" connected to two 3-foot-long nipples which provided an evendistribu­
tian of flow to the model supply channel. The outflow from the model 
was pumped back to the head tank by centrifugal pumps 0 
Having decided uponthem.odel scale r a tdc , the prototype 
bridge dirnensions and ground e Levafioris werecohverted to model 
values according to the information from the bridge drawing and con­
tour rnap prepared by the Illinois Division of Highways ~ The bridge, 
bridge piling, and pile caps were rnade to scale of wood embepded in 
the Zonolite surface in the location indicated by the prototype data. 
With the aid of the photographic data obtained in the field, the 
topography and vegetation of the prototype were simulated. In the 
vicinity of the bridge and hole, trees six inches and over in diameter 
were simulated by using dowel pins of proper diameter as determined 
by the scale ratio. Smaller trees and brush were simulated by means 
of hardware cloth which is cut into strips, coated with cement paint to 
give roughness and body, and placed in accordance with the prototype 
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topography. The roughness of corn stubble fields over which a major 
of the water approaches the bridge was assumed to have a 
Manning 9s roughness value of n= 0.025 which corresponds to a model p . 
value of n ill = 0.013. The roughnes s of the Light-ca g gr e gate concrete 
surface seemed to be very close to this value. However, some ad­
ditional model roughness was added to simulate the variability of the 
pI' ototlfpe r oughrie s s . 
16	 Instrumentation 
Rates of flow through the model were measured by means of a 
o 
90 V-notch weir and tank, having a maxim.um c apac lty of slightly over 
1 cfs 01 placed at the end of the model discharge channeL 
In order to obtain water-surface elevations over the rrio d e L, 276 
large';"head galvanized nails were driven into the model surface until 
the nail/heads were just flush with the surface. A model elevation 
corresponding to the prototype value was then established for each nail 
head. Twelve point gages attached to a rnovab Ie tr-us s were used to 
obtain model-depths over the nail heads. The model water depth at 
each nail was convertedto a prototype value wh.i.ch was added to the 
previously established prototype elevation of the nail head to obtain the 
water-surface elevation. 
A small propeller-type velocity rrie te r was used to determine 
velocities of flow over strategic parts of the model. 
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Model Verification 
Verification is a process to adjust the model to behave in a 
- :manner similar to the prototype. By this process the model will be 
rnade not only geometrically similar but also hydraulically similar to 
the prototype, and thus it will produce reliable data. 
To obtain patterns of surface flow similar to the prototype it 
-was found necessary to restrict the model water supply to certain 
sections of the upstream. supply channel and to direct the major por » 
of the flow to move from a no r thea s t direction toward the bridge. 
This pattern corresponds to the overflow from an upstream reach to 
the m.ain channel of the Wabash River Also, a roughening of the0 
downstream end of the· hole was found necessary to simulate properly 
the rotating-cell movement of the prototype flow. 
In m.aking verification runs e mpha.s is was made to reproduce 
the rating curve relationship (shown by the dotted lines in Fig. 8) in 
the model. To do this it was found necessary to introduce a control, 
made of removable concrete bricks, at the downstream. end of the 
rno.d e-l Irrirnedda teIy ups tr e a.rn f'rorn the discharge channeL This con­
tr o I was adjusted so that the rating curve passed through the lowest 
and highest pairs of values that represent the 1950 high water flow. 
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After verification the patterns of flow in the calibration tests 
"">"'"',, ",'.'." were found similar in appearance to those observed in the prototype 
corresponding discharge rates 1 being characterized by pronounced 
rotating-cell movement on each side of the jet of flow through the hole 0 
The cellon the east s ide of the hole was vel" y lar ge and move d in a 
counter~clockwise direction as driven by the jet of water :moving 
through and across the hole. The cell on the west side of the hole 
moving in a clockwise direction was smaller and had a tendency to 
two rotating cells. RattIe e s nake patterns of surface flow down­
stream fro:m each pile bent were also present in the model as they 
were in the prototype. Unless otherwise s tate d, the results of model 
tests will be presented in terms of prototype values. 
18 General Procedure of Testing 
The testing of the model consisted :mainly of calibration tests 
and revision tests. The calibration tests were :made to ascertain the 
existing conditions of the prototype as they appeared in the model. 
The revision tests were rnade to predict the conditions of the prototype 
due to the proposed revision as a remedial rriee.s ur e for the scour 
situation. The conditions to be observed in the tests included the water 
surface elevations", velocities of flow, and scour develop:ment at vari­
ous rates of flow through the bridge opening. 
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Water surface c oritour s and profiles at different tests and the 
velocity-discharge curves were determ.ined. However, they are not 
shown here in order to reduce the volum.e of this report.
 
Velocity measurements were recorded across the bridge open­
at different stations which were estahlishedby large-head nails 
for the measurement of water .... surface elevations. These data were 
represented by velocity-discharge curves. The velocity is the mean 
velocity across the waterway area of the bridge, and it is equal to the 
,"d,'",,"',"',,,,,,>,,,,,,,,,,,,,,,,,,, 
rate of flow divided by the waterway area at20 ft. north of the bridge 
center line. 
The scour developrnent was determined qualitatively by intro­
ducing a given volume of sand tnthe model and measuring the quantity 
of sand moved during a fixed period of tim.e. ' The movable material 
used in such silt tests was a unifor-rril.y-vgraded quartz sand. The pro­
cedure of the s i It test is as follows: (1) The blue hole was firs t filled 
with sand to a plane of the 340.0"'ft. elevation,and the sand was care­
fully leveled; (2) the model was slowly filled with water without dis­
tur-b i.ng rth.e s a nd , and the sand was again checked for level; (3) the 
model was then run for 120 min. at a predetermined rate of flow for 
the test; (4) water was carefully drained from the model and photo­
graphic records were made for the resulting scour condition and 
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depos Uion pattern; (5) the sand above the 340 .O-ft. elevation was re­
from the area of the hole; (6) the sand remaining below eleva­
340.0 was rem.oved from the hole and was weighed after being 
drained in a sieve box for 15 min. ~ and (7) the sand that had been 
washed to above the 340.0-ft. elevation was added to the sieve box and 
was weighed to determine the total weight of sand used in the test. The 
weightofsClildrernainingbelowelevation 340.0 was plotted against the 
rate of flow maintained for the test. This plot provides the relation­
ship in rnodel between the weight of material remaining below elevation 
340.0 and the rate of flow. The difference between the weight of all 
the sand used and the weight of sand remaining below elevation 340.0 
was equal to the weight of the sand above elevation 340.0. The weight 
of sand above elevation 340.0 divided by the weight of all the sand used 
gave the per cent of material removed from below elevation 340.0. 
This per cent of material removed was then plotted against the p.roto> 
type value of the rate of flow (Fig. 9). 
Silt test data were obtained only for the calibration tests and 
for some revision tests. Other revision tests had obvious disadvan­
tages, and hence their silt tests were not conducted. 
19 Calibration Tests 
The purpose of calibration tests is twofold: (1) To ascertain as 
Met-fA B 
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possible the detailed hydraulic characteristics in the vicinity 
Bridge 3 as they occur during flood periods under the existing con­
o I c oridftdons , and (2) to establish a plane of reference for compari­
son of the results of various model revisions. The procedure of 
calibration tests covered the full range of prototype bridge discharge 
and consisted of the determination of water surface elevations, veloci­
at a'nd inea'r thehridgebpening~and the scouring capacity in the 
blue hole. 
Water surface elevations were determined at 276 points over 
the model for prototype rates of flow ranging from. 3,.450 to 19,750 cfs . 
at intervals of about 1, 000 cfs, From. the rneasur-ernent of water­
surface elevations, contours and profiles of 'water surface were drawn 
fat' each rate of flow studied. 
Average values of m.eter 'velocities measured across the bridge 
opening 20 ft. north of the bridge centerline and the m.ean velocity, 
Q/A, were studied. It was noted that the m.ean velocity of flow through 
the bridge rises to a m.axim.um. at a discharge of about 13,000 cfs . and 
then decreases as discharge increases. For discharges greater than 
13,000 cfs . the velocities are lower than the m.axim.um. velocity at 
13, 000 c fs . and a corresponding water surface elevation at 20 ft. north 
of 'the- bridge centerline was 376.6,ft. The average values 
-33­
of meter velocity were found to be quite erratic and deviate consider­
from. the corresponding- values of rrie e.n velocity. The reasons 
may be: (1) The rne te r velocities were taken in the direction of flow 
irrespective of the alignm.entto the bridge opening; (2) at some 
points the flow was either too s Iow or too s hallow for meter rneas ur e­
rnent, or was r eyers e d in d i.r ec tionj and (3) the m.ovement of water was 
in s orne cases so turbulent and surging that it was impossible to obtain 
an exact average of the rne te r velocity. 
It was found that the flow along the sloping apron in the bridge 
opening moved in an upstream direction. Until almost in line with the 
face of the nor th sloping fill, this flow was swept downstream by the 
curvilinear flow near the intersection of the sloping apron beneath the 
bridge and the upstream. sloping apron. This phenom.enon occurred at 
both the east and west ends of the bridge opening for all rates of flow, 
but it was much more pronounced at the eas t-e.nd , 
In order to confirm. the above and other phenomena in the model, 
confetti was introduced into the upstream portion of the rnodeland then 
carried through the rnodeLon the water surface to delineate the surface 
flow pattern in the model. It was observed that the confetti was carried 
downstream toward the roadway embankment, curvingslow,ly toward 
the bridge opening. Much of the confetti was borne very close to th.e 
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roadway embankment before being turned sharply and carried parallel 
and close to the roadway toward the bridge opening. By the time this 
roadside flow had reached the bridge opening its velocity was suf­
ficiently high to carry the confetti to the first pile bent or beyond and 
into the center span before being swept on downstream by the larger 
volume of the major flow. The major portion of the flow, approaching 
the bridge opening at an angle and separated by the upstream timber 
Liis land, 19 was concentrated still further in the middle span due to the 
influence of the flow along the roadway. Apparently, a predominant 
part of the total flow had passed thr ough th.e middle span. 
The roadside flow continued to pull along water that lay in the 
outer spans adjacent to the toe of the approach sloping apron. The 
continual rem.oval of this water had caused flow near the sloping apron 
to move in an upstream. direction, This ph.enornenon was dramatically 
demonstrated in the model by the rnovernent of confetti in an upstream 
direction along the toe of the approach sloping apron. 
Nearly all the confetti was carried through the center bay of 
the bridge opening and on to an area near the downstream end of the 
hole before being caught ina rotating-cell movement that turned the 
flow of confetti sharply and brought it back ups tr earn near the 
periphery of the hole. This rotating-cell movement on each side of 
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the main flow from the bridge opening was developed for all rates of 
flow. The rnovement was rnaintained and driven by the main flow 
which had a jet-like character due to the concentration of flow through 
the center bay of the bridge opening. The paths of confetti movement 
for the 8,000 cfs. and 17,000 cfs. runs are shown respectively in photo­
graphs 1 and 2 in Fig. 10. 
As discussed previously, silt runs for six different rates of 
flow yielded a quantitative relationship between rates of flow and the 
scouring capacity of the moving water in the blue hole under the 
influence of the existing controls . The relationship between percentage 
of material moved and the rate of flow is shown In Fig. 9. Views of 
scouring conditions after the 8,000 cfs. and 17,000 cfs. runs are shown 
respectively in photographs 3 and 4 in Fig. 10. 
20 Revision Tests 
After the calibration tests, various modifications of the model 
were made in order to simulate rem.edial measures that will prevent 
further scour resulting from the complex nature of the flow in the area 
immediat.ely downstream. from. the bridge structure, and will avoid 
particularly further expansion of the blue hole on its upstream edge. 
Fourteen different revisions designated in order by letters 
f r orri A to N were proposed and the corresponding tests were conducted . 
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In the revision tests, one of the most important factors in determining 
the efficiency of the proposed remedial measure was the visual obser­
vation of the flow pattern. 
To help in studying the surface flow patterns and in recording 
them by photographs, confetti was introduced at places far upstream 
from the bridge and carried downstream by the flow through the 
bridge opening. As the confetti was m.oved along by the water, veloci­
ty changes and flow patterns could be easily seen. Photographs were 
taken for every rate of flow for all revision tests as they were taken 
in calibration tests. The velocity of flow/can be interpreted from the 
distance shown on the photographs for which the confetti particles have 
m.oved during the tim.e of photographic exposure. Flow patterns are 
shown on the photographs by the location and distribution of confetti 
particles. These photographic records include two 400-foot reels of 
16-mm. motion pictures which recorded each of the calibration tests 
as well as the proposed revision tests. The fl.ow patterns are of course 
more obvious on the motion pictures, Detailed des criptions of the 
revision tests are given in Appendix 2. 
In proposing the revisions, several considerations were made. 
It is believed that the scour at Bridge 3 was caused by the excessive 
turbulence of the water under and downstream from. the bridge. This 
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turbulence was developed by the meeting of the' curvilinear approach 
and by the concentration of thes e flows at the cente-r bay of the 
bridge opening. The curvilinear nature and concentration of the 
approach flows were caused partly by the timbered island upstream. 
from the bridge and partly by flows approaching the bridge opening in 
a direction parallel to the roadway embankmenL To aid in reducing 
curvilinear flow one phase of the remedial work was the removal of 
all trees from the timbered island for a distance of 300 ft. upstream 
from the bridge centerline. This measure was taken in all revisions. 
Except for Revis ion M all revisions utilized a vertical c ut-soff 
wall parallel to and at 45 ft. downstream from the bridge centerline, 
This cut-off wall across the upstream end of the hole was designed 
with a purpose to prevent movement of the hole in an upstream di .... 
rection and to allow discharge at a more or less constant depth into 
the area of the blue hole. The elevation of the top of the cut=off wall 
was set at 361.75 ft. 
All revisions utilized permeable dikes upstream from the 
bridge except Revision L which had no dikes 0 Permeability was con­
sidered an essential specification of the dikes and hence all dikes were 
constructed to possess this characteristic: One purpos e of the dikes 
was to dec r e as e the effect of the side flows approaching the bridge 
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A 
-JJ!W ~I 
HAVING DIVERGING 
UPSTREAM ENOS a 
PERMEABLE DIKES 
BETWEEN MAIN DIKES 
AND SLOPING APRONS 
BENTS YES IMPRovED NO DIMINI-
TION 
3.6-FT. (AS 
COMPARED 
WITH Z.3-FT. 
IN ORIGINAL 
CONDITION) 
DECREASED 
13% 
EXiSTING NORMAL NORMAL FLOW CONDITION 
IMPROVED BUT 
NOT SATISFACTOOY 
~ 
B 
---.lliJfI 
I 
--nrfu 
SAME AS REV. A EX-
CEPT THAT DIKES 
WITHIN THE BRIDGE 
OPENING ARE RE-
MOVED 
BENTS RESTRICTION 
OF FLOW IN 
BRIDGE AREA 
IS RELIEVED 
AGGRAVATING 2.9-FT. DECREASED 
lOY.. 
PRO-
NOUNCED 
NORMAL NORMAL FLOW RESTRICTtDN 
IN BRIDGE AREA 
WAS RELI EVED 
~ 
C 
--WiI 
Iiii\\ 
USING 100-FT. LONG 
CONVERGING DIKES 
BENTS YES DECENTRALlZ-
ED 
NORMAL LlTTLIE CHAN-
GE 
DECREASED 
3"-
REDUCED HIGH NORMAL NO BACKWATIERREDUCED 
BlIT HIGH VELOGITY 
AT DIKE ENDS DE-
VELDFED 
~ 
0 
-U!W 
IIfrl\\ 
USING 75-FT. LONG 
CONVERGING DIKES 
BENTS YES CONCENTRAT-
ING THROUGH 
TWO WESTER-
LY BAYS 
EXISTING'Mn; 
TURBULIENCE 
LITTLIE CHAN-
GE 
NO CHANGE REDUCED NORMAL NORMAL NO HIGH VELOCITY AT 
DIKE ENDS REDlY'uED 
BUT FLOW CONCEN-
TRATED AT WESTER-
LY BAYS 
~ 
E 
-UJW 
ITn\\I 
USING 7S-FT. LONG 
PARALLEL DII<ES 
BENTS YES SATiSFACTORY EXISTING WITH 
TURBULENCE 
LESS .THAN 
ORIGINAL 
INCREASED 
2.5 % 
REDUCED NORMAL NORMAL FLOW CONDITION 
WAS IMFROVED BUT 
STILL CONCENTRATED 
AT 'MESTERL)' BAYS 
~ 
F 
-\!!WI 
-rFn\\ 
USING I DO-FT. LONG 
PARALLEL DIKES 
BENTS YES Fl'IRALLEL AND 
WELL DISTRI-
BUTEO 
NORMAL LESS THAN 
ORIGINAL 
INCREASED 
2~. 
REDUCED HIGH TURBULIENCE 
DECREASED 
NO FLOW AT WESTERLY 
BAYS WAS RELIEVED 
BUT HIGH VELOCITY 
AT DIKE ENDS DEVE-
LOPED 
~ 
G 
-W 
-.1 
SAME AS REV.C EX-
CEPT DIKES EXTENDED 
WITH SLOPING TOP 
BENTS YES IMPROVED LARGE CELLS 
ELIMINATED 
Z.B-FT. DECREASED 
7.5% 
REDUCED NORMAL NORMAL YES REDUCED 3 
TIMES THE 
ORIGINAL AT 
ID,DDOCFS. e. 
GREATER 
HIGH VElOCITY RE-
QUCED AT DIKE ENOS 
BUT INCREASED AT 
DIKE ENTRANCE 
~ 
H 
-WV'I 
-fFnt 
UPSTREAM ENOS OF 
REV. G WERE SWUNG 
OUTWARD 
BENTS YES IMPROVED REDUCED 1.7-FT. INCREASED 
3.3% 
REDUGIEO REDUCED 
AT EN-
TRANCE 
HIGH VELO-
CITY 
YES LESS THAN 
THAT IN REV.G 
HIGH VELOCITY CIT 
ENTRANCE REDUCED 
BUT SaJUR IN-
GREASED 
~ 
~ ~I 
WING WALLS ADDEO 
TO DIKES OF REV. F 
BENTS YES SATISFAClDRY NORMAL LlTTLIE CHAN-
GE 
NO o-IANGE REDUCED HIGH NORMAL YES SAME AS REV. 
G 
WING WALL DID 
NOT REDUCE HIGH 
VELOCITY AT OIKE 
ENDS 
~ 
-® 
-nfJ\\1 
MODI FYING REV. F BY 
USING STEPPED DIKES 
BENTS YES SATISFACTORY IMPROVED LITTLE CHAN-
GE 
SLIGHTLY HI-
GHER THAN 
THE ORIGI-
NAL 
REDUCED NORMAL NORMAL YES REDUCED 2.4 
TIMEs THE 
ORIGINAL AT 
11,130 CFS. 
SATISFACTORY IN 
DECREASING HIGH 
VELOCITY AT 01KE 
ENDS 
~ 
K 
l!!W 
(fn\\1 
NO BENTS YES FLOW CDNGEN-
TRATED AT 
CENTER BAY 
EXISTING LESS THAN 
ORIGINAL 
REDLCED HIGH VELO-
CITY 
YES REDUCED BUT 
HIGHER THAN 
PREVIOUS RE-
VISIONS 
CUT -OFF WALL WAS 
EFFECTIVE IN RE-
DUCING SCOUR 
~ 
L 
l1UY 
I (Fn\\ 
NO PIERS YES FLOW aJNCEN-
TRATED AT 
CENTER. BAY 
EXISTING INCREASED 
7'" AT 6,oOD 
CFS.THEN 
DECREASED 
AT HIGHER 
DISCHARGES 
REDUCED HIGH VELD-
CITY 
YES MAX. SCOUR 
GREtlfER THAN 
REV.K BUT 
LESS AT LOW 
DISCHARGEs 
PIERS a CUT-OFF 
WALL WERE BENE 
FICIAL AT DlS-
CHARGES GREATER 
THAN 15,000 GFS. 
~ 
M 
-tJW 
~ 
SAME AS REV. I PIERS NO FLOW PLUNG-
ING INTO BLUE 
HOLE 
EXISTING INCREASED 
ABOVE ro, 
000 CFS. 
REDUCED HIGH NORMAL YES SEVERE PIERS PLUS DIKES 
WERE EFFECTIVE IN 
REDUCING SCOUR 
FOR DISCHARGES 
GREATER THAN 10, 
OOOCFS. 
~ 
N 
-\J!W 
I
---rm 
SAME AS REV.J PIERS NO SATISFACTORY EXISTING SLIGHTLY 
HIGHER AT 
HIGH 015-
CHARGES 
REDUGIEO NORMAL NORMAL YES DECREASED 
LESS THAN 
REV.M 
PIERS PLUS DIKES 
e.CUT-OFF WALL 
WERE EFFECTIVE 
IN REDUCING DIS-
CHARGES BELOW 
12,000 CFS. S. ABOVE 
17,000 CPS. 
~ 
opening normal to its center line. The permeability of the dikes 
allowed, therefore, the side flows to enter the main flow with greatly 
reduced volume and velocity, and thus to decrease the hydrostatic head 
in the design of the dike structure. 
The fourteen proposed revisions consist of various arrange­
rne rrts of permeable dikes and cut-off walls. Table 2 shows the arrange­
ments for allrevisiorls and s urnrna'r i zes the des c r i.pti.ons and tes ting 
conditions and results for each revision. 
21 Practical Considerations 
Laboratory tests indicate that scour immediately downstream 
from Bridge 3 rn.ay be substantially reduced by the effective use of a 
combination of following remedial measures: 
(1) The removal of timber from the upstream wooded island. 
(2) The proper installation of suitable dikes on the upstream 
side of the bridge. 
(3) The transformatiortof pile bents into piers. 
(4) The installation of a cut-off wall on the downstream side of 
the bridge. 
The practical considerations for these remedial measures are 
des cribed as follows: 
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With reference to remedial measure (1), the rernoval of the 
timber from the upstream wooded island of the model allowed the 
water to approach the opening in a direction more nearly normal to 
the centerline of the bridge and hence reduced the curvilinear nature 
of the approach flows. 
With reference to remedial rnee.s'ur e (2), all dikes tes ted in the 
laboratory had a thickness of four feet and were permeable, Dikes of 
a perrneable nature were considered extremely desirable for several 
reasons. Had im.perrneable dikes been used? flow approaching the 
opening and parallel to the roadway would have been forced around the 
ups trearn ends of the dikes, until the dikes were overtopped, This 
would have caused increased velocities at the upstream ends of the 
dikes, which rn.eans greater danger of scour An imperrn.eable dike0 
would have a greater pressure differential across the dike for its full 
length, thus requiring more expensive construction to protect the 
structure from. lateral tipping. 
Perrneable dikes wiIl serve the purpose of 
approach flows to a direction normal to the bridge centerline, and 
(2) reducing flows, which approach the bridge opening in a direction 
parallel to the roadway, without increasing the danger of scour at the 
. upstream ends of the dikes, A permeable dike 4 It , wide may be ­
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constructed in the following steps ~ (1) Driving pairs of steel posts at 
intervals of 4 ft. apart for the full length of the dike, (2) placing
 
heavy wire mesh inside each line of posts for the length of the dike,
 
(3) tieing each pair of posts securely together, and (4) filling the space 
between the wire m.esh with stone to the desired elevation. When the 
dikes are built of steel and s tone , the corn stalks and other organic 
debris ca.llghflntheslrucfure can be removed by burning during low 
water stages, thus reducing m.aintenance to a minirnum. 
The most effective dikes tested in the laboratory (Revision J) 
were placed parallel to, and sym.rnetrically about, the centerline of the 
bridge opening and 71 It , therefrom. The dikes were on the north side 
of the bridge, beginning at the top of the face of the sloping apron and 
extending upstream nearly 125 ft. They were so stepped that the top 
of each dike was at three levels, progressively lower in an upstream 
. direction. The advantages of using stepped dikes are twofold; name Iy, 
fiz-s t, d e c r e a s e in flow around the ends of dikes by overtopping dikes 
at steps of lower level; and secondly, economy in cons tr-uc t ion gained 
by decreased design load and rnater ie.l requirements. 
With reference to the rem.edial measure (3), piers instead of 
pile bents are helpful in reducing s cour since they aid in the proper 
alignment of flow through the bridge. However 1 the decreas e in scour 
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due to piers is not great. From the practical viewpoint, therefore, 
,whether the benefit to be derived from this measure would jus tHy the 
additional cos t of cons truction should be cons idered. 
With reference to the remedial measure (4)9 the placing of a 
vertical cut-off wall 45 ft. from and parallel to the center line of the 
bridge on the downs tr e arn side was undoubtedly of great benefit in the 
reduction of scour . ··Thecorresponding prototype length of the cut-off 
wall was 93 ft. which is the same as the distance from toe to toe of the 
approach fills. This length of c ut-ioff wall, however, would not be 
adequate for the prototype because of the erodible nature of the soil. 
A better dimension for the cut.... off wall would be 150 ft. placed 45 ft , 
from and parallel to the centerline of the bridge. The center of the 
wall should be on the centerline of the bridge opening. The top of the 
wall should be at elevation 362.0 ft. across the central part of the 
opening and follow the natural ground profile at the ends 0 All areas 
north of the wall that are below the elevation of the top of the wall 
should be filled with a durable rriater i.a I and leveled with the top of the 
wall to p r event eros ion and c onve r ging of the El.ow . The bank at each 
end of the wall should be protected by means of rubble fill to check 
erosion caused by wind generated waves. A sketch of such a cut-off 
wall is shown in Fig 11.0 
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Erosion fr om wave action caused by wind has been quite active 
the blue hole of Bridge 3. The most active areas of such erosion 
a r e located along the norther Iy bank of the hole on each sid e of the 
bridge opening. This eros ion enc r oechrnent, if not s.toppe d , would en­
danger the ends of the cut-off wall, and consequently the roadway fill. 
Photographs in Fig. 12 illustrate the erosion in progress. 
It should be noted that the use of either the cut-off wall or the 
permeable dikes alone is not r-e c orrrrnended because the silt tests indi­
cated a considerably greater degree of reduction in scouring when 
they were used jointly, although tests of each used singly also showed 
an appreciable amount of reduction in scouring capacity. The merit of 
dikes, cut-ioff wall, piers, bents, and their various c ornbineti.o ns will 
be discussed in detail in Appendix 2. 
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IV B.~ECOMMENDATION 
22 Solution of Bridge 3 Problem 
Based upon laboratory investigation and field information the 
following remedial measures are recomm.ended for stopping the threat 
of destruction to Bridge 3 caused by the dangerous scour that occurs 
periodically with existing control conditions ~ 
(1) Clear the upstream. wooded area of all timber for a distance 
of at least 350 ft , from the centerline of the bridge. It should be noted 
that the recommendation calls for a minimum clear distance of 350 ft. 
while a corresponding distance of 300 ft. was used in the modeL The 
additional length of 50 ft . is r-e corrirriended in consideration of the pos­
sible deposition of debris in the area in future. 
(2) Construct per meable , stepped dikes made of steel and stone 
on the ups tr earn side of the bridge parallel to and symmetrical about the 
center line of the bridge opening and 71 ft. therefrom, These dikes 
should c ornrrie'nce at the faces of the approach fills and extend northward 
to points 150 ft. from the centerline of the bridge. The top of the 
northerly 55 ft. of each dike should have an elevation of 374.0 ft. and the 
remaining length of each "dike to the face of the approach fill should have 
an elevation of 378,9 ft , The upstream end of each dike should have 
rubble placed around its toe. A sketch of this dike arrangement is 
shown in Fig. 13. 
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(3) Construct a ISO-ft, long cut-off wall of sheet-steel type on 
downstream side of the bridge 45 ft. from. and parallel to its center­
e The centr-el section of cut ....off wall should have a top elevation of 
62,0 ft. The top of th.e end sections of cut-off wall should follow the 
ound profile, The ends of the wall should be protected with rubble 
A s ketch of this cut--off wall arrangement is shown in Fig. 11, 
In addition to the above, vigilance should be exercis ed in the 
observation of increased scour particularly at the downstream end of 
scour hole. 
23 Future studies 
The pres ent Inves tigation has led to an effective and practical 
solution of the problem to prevent further scour at Bridge 3, As this 
solution has been m.ostly developed arid verified in the laboratory, the 
next step should be the application of the recom.rnended rernedial 
measure to the prototype structure and the exam.ination of the actual 
performance in order to obtain a field verification" 
In the laboratory the investigation was made on a fixed-bed 
m.odel and thus the inform.ation obtained for scour situation is only 
qualitative. In order to evaluate the quantitative nature of scour, a 
movable-bed m.odel m.ay be constructed for future studies if expendi­
ture of more funds can be shown to be justifiable. Also, a general 
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study of the hydraulics of flow at bridges is recommended 0:n a bridge 
model without the blue hole, and thus, the hydraulic effect due to an 
individual rneas ur e , such as the dikes, cut-off wall, etc" can be fully 
evaluated, 
The problem under investigation is an individual case. The 
results thus obtained, however, are believed to be also applicable to 
other similar-problems, Itisrecornrnended that inform.ation from 
other similar cases in the State should be collected and a study of the 
remedial measure whe n applied to these cases be made, 
Thus, a comprehens i.ve unders tanding of the hydraulics of flow at 
bridges as well as a rno r e general rem.edial measure to scour at 
bridges can eventually be obtained. 
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APPENDIX 1 DEVELOPMENT OF MODEL EQUATIONS 
1-1 Model Theory 
The relationships between the model and prototype dimensions 
may be d e ve Iop e d by means of the dimensionless numbers, such as the 
Froude number and the Re yno Ids nurnbe r . These numbers can be de­
d in fluid mechanics by the use of the prin.cipleof dynam.ic s irrd-. 
Ia.r-ity and from a consideration of the physical forces, such as forces 
gravity, viscosity, surface tension, etc a) with respect to the resisting 
force'of~inertiaa The derivation of the model equations as s urrie s that 
for equal values of dimensionless numbe:rs±he c::orresponding flow 
patterns in model and prototype are similar a Thus, if model and proto­
type are exactlysimilar in hydraulic characteristics, the dimensionless 
nurrib e r s fat' model and prototype must be equal. 
Since the flow at Bridge 3 is affected primarily by forces of 
inertia and gravity, the corresponding dimensionless number is the 
F'r-oud e number. Thus, the Froude number of the rnodel must be equal 
to that of the prototype. Using subscripts rn for model and p for 
prototype, it is required that 
( 5)
 
in which V m and Vp are velocities of flow in ft. per sec a, g is the 
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type~ and dm 
acceleration which is the s arrie for both model and proto­
and d are depths of flow. Equation (5) rriay also bep 
d p 
= 
(AI-I) 
1-2 Length, Area, and Volume Relationships 
By definition, a length in the prototype divided by the c o r r e-: 
sponding length in the model is equal to the scale ratio, or 
(Al-Z) 
or 
(8) 
Since area A and volume Vol are respectively the square and 
cube of the linear dirnens ion, the following rnod e I equations can be 
written 
2
= ArnL r (9) 
and 
(10)
 
Al-3 Velocity Relationship 
From. Eqs. Al-l and Al-2, the velocity relationship is obtained 
as 
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or 
Al-5 
a.nd 
v = V LO.S (11 )P m r 
Discharge Relationship 
The rate of flow or discharge Q is equal to the product of the 
ea and the velocity. Thus} the product of Eqs. (9) and (11) gi~es 
2. 5ApV = A InVrnL rp 
(12) 
Roughness Relationship 
The Manning e quat.ions for prototype and model are respectively 
(AI-3 ) 
Vrn = 1.49 R;j3 S~/2 (Al-4) 
nm 
in which Vp and Vm. are velocities in ft. per sec «» n and TIm arep 
coefficients of roughness, R and Rm. are hydraulic radii, and S is thep 
hydraulic g ra.d ie rrt, which is the same in prototype and model. Dividing 
Eq. Al-3 by Eq. Al-4 and solving for ~/nm' 
2/3V R~=-!E(J) (A1- 5) 
nm. Vp Rm. 
It should be noted that the hydraulic radius is in a linear dimension, or 
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Rp/Rm. = Thus, with the aid of Eq. ll~the ratio of the roughnessL r; 
coefficients rnay be written as 
01" 
n.......
 = n L,1/6 ( 13)
.p rn r 
APPENDIX 2 REVISIONS 
Sketches of the arrangement and summarized features of all 
revisions are shown in Table 2. 
A2-1 Revision A 
This revision was the first step toward the search for a most 
efficient measure of directing the flow of water through the bridge 
opening in a direction parallel to the centerline of the opening. 
It has been noted that the waterway areas provided for the 
water prisms adJacent to and above the toe of the approach sloping 
apron were occupied largely by backwater moving in an upstream 
dir ection. Cons e que rrtl.y, the areas were not utilized for pas itive flow 
through the bridge. In this revision} dikes were placed through the 
bridge opening above the toes of the sloping aprons and then directed 
divergently in the upstream direction at an angle of 7-1/2° with the 
norm.al to the bridge opening. Permeable cut-ioff dikes were also 
placed b e twe e'n the main dikes and the sloping apron on both the up­
stream and downstream sides. A drawing of the revision and the 
photographic views are shown in Fig. A~l. 
Although this r evis ion improved the flow condition through the 
bridge, it was not a satisfactory solution because the major flow was 
still concentrated in the middle span and tended to jet into the area of 
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the blue hole. Furthermore, the rotating-cell rnovement which was so 
noticeable in the calibration tests of the model in original condition 
showed alm.ost no dim.inution. 
A com.parison between the rating curves for Revision A and the 
original rating curves is shown (Fig. A-I). It will be noted that at a 
discharge of I4tOOO cfs. the difference in elevation between the up­
s tr-earn and downstream water-surface elevations has increased from 
2.3 ft. in the original condition to 3.6 ft. in the revision. This indicates 
decrease of about .13 %.: in the capacity of the opening when the up­
s tr e arn water-surface elevation corresponds to 378.0 ft. 
A2 -2 Revis ion B 
In Revision A too much restriction seemed to be developed in 
the bridge area. For this reason the portion of the dikes of Revision 
A which were parallel and within the bridge opening were removed. 
The remaining dikes on the downstream side of the bridge constituted 
the' remedial measure in Revision B. 
FrOIn the rating curves for Revision B, it was found that 
the difference between the upstream and downstream water-surface 
elevations was less than that of Revision A, but it is still 0.6 ft. 
greater than theco;rresponding difference in the original condition at 
14,000 c fs . Thus, the capacity of the bridge opening was still less 
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than the original capacity. When the ups tr e arn water-surface elevation 
VIas at 378.0 ft .; the dike e.r r-arigement in Revision B has reduced the 
capac i ty of the opening by near Iy IO%." 
In this revision the flow was concentrated in the m.iddle bay and 
jetted into the area of the blue hole, thus aggravating the rotating-cell 
m.overnent of the water in the downs tr-earn area on each side of the jet. 
Pronounced backwater conditions were a Is o found to exist along the 
sloping ap rori, apparently aided by the permeable dike with cut-off 
A2-3 Revision C 
Since Revision B had the dfs e.dvaritage of causing Inc r e e s e d 
backwater in the bridge area and continued concentration of flow 
through the center bay, Revision C was proposed to remedy the con­
dition by placing IOO-ft. long straight but converging dikes at the up­
stream side of the bridge opening. The dikes were started at the 
intersection of the tops of the north-s outh andeas t-vwe s t s loping aprons, 
converged upstream, and terminated at points 54.5 ft. from. the center­
line of the bridge opening. Thes e terminating points wereapp:roxi= 
rnately at the s arrie location of the upstream ends of the dikes in 
Revision B, The purpose of this arrangement was to allow the water in 
the outer spans to flow freely downstream and thus avoid the backwater 
created in Revis ion B. 
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FroTI1. the rating curves it was found that the difference between 
the upstream and downs tr e arri water-surface elevations is very little 
more than that of the original, and that the capacity of the opening was 
reduced only about 3 % when the corresponding ups tr-earn water=surface 
elevation is 378.0 ft. 
In this revision, the flow through the bridge opening was 
~"""',"""",.,.."... decentralized and the outer spans were made to carry more flow. A 
good distribution of flow was obs e r ve d, as confetti was found to be 
",.c'"",cc,"""""··~····,distributed in all bays. One disadvantage of this revision, however, is 
the relatively high velocities of flow that were found at the upstream 
ends of the dikes. 
A2 ... 4 Revis ion D 
To decrease the high velocities that existed at the upstream 
ends of the dikes of Revis ion G, a wider opening was provided in Re-: 
vision D by shortening each dike by 25 ft. at the upstream end. 
The rating curves for this revision are very nearly the same as 
those for the original tests before dikes were introduced, indicating 
almost no change incapacity. 
This revision was not a particular improvement over Revision 
C because a large portion of the flow is still concentrated through the 
two westerly bays of the opening. 
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A2-5 Revision E 
To distribute flow more uniformly across the full width of the 
bridge opening, the 75-ft. long dikes of the previous revision were 
made parallel with the centerline of the opening and at a distance of 
142 ft. apart. This revision has produced a satisfactory distribution 
of flow thr ough the br idge opening. 
The rating curves of this revision indicate that the capacity of 
the o neni.nz was increased bv about 2.5% at an uns tr e arn water-surface 
--- - .L' 0 . ' J"" r .1. 
elevation of 378.0 ft. Also, it was noted that for' rates of flow above 
12,000 cfs. the difference in the upstream and downstream water­
surface elevations was less than that of the original tests. 
The two westerly bays of the opening still carried more than 
their proportionate share of water as indicated by higher water­
surface elevations. In the area of the blue hole the western zone of 
contact between the inflow from the bridge and the relatively still 
water on the side contained many vortices which indicated considerable 
turbulence in that area. 
A2-6 Revision F 
This r evis ion is a rnodification of Revis ion E by extending the 
75-ft. long, parallel dikes to a length of 100 ft. This was done to allow 
more time for the inflow to the dike area to distribute evenly across 
the bridge opening and thereby decrease the e.rnount of flow that had 
been carried by the two westerly bays in Revision E, It was expected 
that this action would decrease the downs tr-e a m turbulence in the area 
of the blue hole, 
The rating curves of this revision were found to be very nearly 
the same as those for Revision E. The capacity of the opening was 
.... .-c th 0';'" .... __ J~ ~tT1 t J. s: 1 .L. 0 s:higher tne.n t e o r rgma.r oy aOOUL c.lo a a we.te i-r-s ur ra c e e revatron OJ. 
378.0 ft. 
In Photograph 2 of Fig. A-2, well distributed parallel flow can 
be seen over the entire bridge opening. The streaks of confetti indi­
cate further that the velocities are relatively high around the upstream 
ends of the dikes. The excessive velocities at the ups tr e arn ends of 
the dikes were found to be the only disadvantage of this revis ion, 
A2=7 Revision G 
The corive r ging dikes of Revis ion C and the paralle1 dikes of 
Revision F have both produced satisfactory hydraulic characteristics 
through the bridge opening and on the downs tr-earn side in the area of 
the blue hole. The common disadvantage of both revis ions was the 
excessive velocities around the upstream ends of the dikes. Further 
revisions were therefore needed for reducing these excessive velocities. 
In Revis ion G (Fig. A- 3) the dike arrangrnent was made the 
same as that of Revision C except that the dikes were extended further 
upstream with the height of dikes decreasing at an angle of 30 0 to the 
horizonta1 9 starting at points lOO=ft. from the downstream ends of the 
dikes. Revision G was given rrio r e extensive tests than previous re­
visions because it was believed to be a possible solution to the prob-
Iern . Henc e , silt tests were rnade on this revision. 
The rating curves for Revision G are similar to those of 
Revision Co The difference between the upstream and downstream 
water-surface elevations was 0.5 ft. greater than that for the original 
tests at a rate of flow of 14,000 cfs , The capacity of the bridge open­
ing was less than the original capacity by 7.5 %. A s rria I.l reduction in 
capacity is allowable since lower velocities through the bridge opening 
would then prevail. However ~ 7.5 % is a greater reduction than 
desirable. 
The distribution of flow across the bridge opening was satis­
factory as was the flow, further downs tream in the a r ea of the blue hole. 
Photograph 2 in Fig. A,;.,4 shows that the large rotating-cell rnovement 
that existed on the east side of the blue hole in the pre=dike tests has 
been completely e Lirrrine.te d , but the small rotating-cell movement on 
the west side of the hole continued to fo r-rn.. The relative velocities 
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over the model are indicated by the length of the streaks developed by 
confetti. Accordingly, it will be noted that in the constricted area at 
the entrance to the dikes, relatively long streaks of confetti can be seen, 
indicating relatively high velocities in this area. 
The silt tests were conducted in the same manner as those of 
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A2-8 Revision H 
The occurrence of relatively high velocities across the entrance 
to the dikes of Revision G was a disadvantage which led to the proposal 
of Revis ion H. In rno d ifyi.ng Revis ion G for Revis ion H, the ups trearn 
ends of the converging dikes were swung outward, away from the 
centerline of the bridge ope rrirrg , until they were 170ft. apart at points 
100 it. upstream from the top of the sloping apron,. thus converting 
them to diver ging dikes. 
,The rating curves of this revision indicate that this dike ar­
rangement gives the highes t hydraulic efficiency in the capacity of 
openings tes te d , It was found that at a discharge of 14,000 cfs., the 
difference between the upstream and downstream water-surface 
elevations was only 1.7 Et, as compared to the difference of 203 ft. of 
the pre.-diked condition. Also, it was noted that when the upstream 
wa'te r-vs ur-fac e was at elevation 378.0, the increase in capacity was 
about 3.3 % This increase in capacity is an undesirable factor, since0 
the bridge opening must maintain high average velocities. 
The tests indicated that the west half of the opening carried a 
major share of the flow, and that higher velocities had extended into 
the area of the blue hole 0 
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Silt tests were conducted on Revision H. The result showed
 
that sand deposition was more extensive than that developed' under the
 
conditions of Revision G. It was found that the per cent of rriate r ial
 
moved in the present revision had reached a maximum of 20% as corn­
pared to 16.5% in Revision G. However, the improvement over the
 
original or pre-diked condition was nearly as great as that of Revision
 
G.
 
,A2-9 Revision I
 
The parallel dikes of Revision F produced good hydraulic
 
characteristics except for the high velocities that existed at the up­
s trearn ends of the dikes. Revis ion I is a modification of Revis ion F.
 
To the ends of the lOO-ft. long, straight dikes of Revision F 'were
 
, added wing wall extensions that flared away from the centerline of the 
bridge opening at an angle of 600 • The rating curves of this revision 
are close to the pre-diked rating curves. This indicates that the 
bridge opening had about the same capacity as the o r i.ginaL 
The results of two silt tests indicated little alteration from. the 
respective tests of Revision G. The material moved was found to 
reach a maximum. of 15% at a discharge of 12»000 cfs . At the same 
discharge, the original tests have produced a value of 43% of rriater IaI 
moved. 
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Revision J 
Revision J (Fig. A-5) was a further modification of decreasing 
the velocities at the upstream ends of the dikes. Revision J was c orrr­
ed of two long, straight, stepped dikes 142 ft. apart, equidistant 
froID, and parallel to, the centerline of the bridge opening. In elevation 
each dike had a four foot step , at points 50ft. and 100 ft. Ir am the up­
sil"eam end. The upstream end of the dike was located 125 ft. north of 
the top of the upstream sloping apron. The top of the upstream 50 ft. 
dike/was at elevation 370.0, the top of the next 50 ft. was at elevation 
374.0, and the top of the rexnaining distance to the sloping apron was at 
an elevation of 378.0. 
The rating curves of this revision were very close to the 
original rating curves up to a rate of flow of 14,000 cfs. For discharge 
rates above 143000 cfs q the capacity of the bridge opening was slightly 
greater than the pre-diked conditions. Photographs 1 and 2 in Fig. A-5 
show the patterns of flow for the 8,000 cfs. and 12,000 c fs . runs. The 
pattern of approach flow is especially noticeable for the 8,000 cis. run .. 
The silt tests indicated that a 14 per cent of material moved at 
a rate of flow of 11,130 cfs. At this discharge the original per cent of 
material moved was 34% or 2.4 times greater than the revised con­
dition. A curve in Fig. A-5 shows the variation in per cent material 
A2 -11 
side. 
fill was 
:moved with respect to the increased discharge. At a discharge of 
9, 000 cfs a the per cent material moved reached a high value of 16.5 %. 
discharge exceeds by nearly 3,000 cfs . or the highest recorded 
through Bridge 3. The results of the silt tests are shown by 
photographs 3 and 4 in Fig. A-b. 
Revision K 
In all revisions thus far dis cus sed, two components have been 
add e d to the original condition; namely, the set of permeable dikes on 
the upstream side 'Of the bridge and the cut-off wall on the downstream 
To determine the relative effectiveness of each com.ponent of the 
remedial m.easure, tests were run with only one element in operation 
a t any given time. 
For Revision K the dikes were entirely r e rnoved , leaving only 
the cut-off wall. The top of the cut"'off wall, at some places, was made 
higher than the ground upstream from. it. In thes e locations enough 
placed back of the cut-off wa.Il to give a level surface. 
The rating curve with reference to the upstream water surface 
of Revision K was found to be closely resembled to that of the originaL 
The downstream rating curve is slightly higher than that of the 
original, indicating that the water surface at the upstream end of the 
blue hole, and hence the water surface along the roadway fill, were 
higher than those in the original. The water surface profiles confirm 
this deduction, The reason for this change was that the cut-off wall 
has prevented the bridge discharge from diving or plunging into the 
hole and thus lowering the water surface, The movement of the con­
fetti as observed in the test indicated that the pr irnar y flow Vilas 
through the center span, 
Two silt tests were conducted in Revision K, When the results 
of the tests were compared with those of the original, a great reduction 
scour wa s noticed, On the other hand, when compared with the silt­
tests of previous revisions, it was seen that the scour which occurred in 
Revision K Vias relatively high, 
A2-12 Revision L 
In all of the revisions up to this point, the concrete pile bents 
of the original structure we r e left in the natur-a I condition, For 
Revision L the bents we r e rrra d e to simulate piers instead of piling and 
the cut-off wa Il, was left on the model. As in Revision K, the dikes 
were entirely removed. The only difference between Revision K and 
Revision Lr was that Revision L had piers instead of pile bents, 
The rating curves indicated that the capacity of the bridge was 
7% greater than the original at a discharge of 61 0 0 0 c fs , and then de":" 
creased with an increase in discharge up to 16~OOO c fs , Apparently the 
piers helped to increase the flow at the lower discharges, 
=63= 
The silt tests indicated that more scour occurred when piers 
were substituted for pile bents, However , the result showed that while 
the rnaxirnurn scour was greater for Revision K, the scour at the lower 
discharges was higher .fo r Revision L. This indicates that for dis­
charges above 15,000 cfs , the piers are advantageous, but for dis­
charges less than 15,000 cfs , the piers tend to increase s c our . 
AZ..,..13 Revision M 
For Revision M (Figo A-7) the straight, parallel, stepped dikes 
of Revision I were placed on the model, the cut-off waIl was r-e rriove d , 
and piers were used instead of pile bents, The purpose of this revision 
was to determine the value of permeable dikes and pier bents without 
the cut-off walL This was the only revision in which the cut-off wall 
was not used, 
A study of the rating curves for Revision M (Fig, A-7) will 
show that up to 10;000 cfs the curves approximate closely to those of0 
the or IgIna.L, but that at discharges above 10,000 cfs . the capacity of the 
opening was Iricr-eas ed , The confetti in the photographs 1 and 2 of Fig, 
A=8 indicates the pattern of How. It should be understood that the 
confetti was stopped by dikes until the latter were ove r topped , and thus 
the flow through the dikes cannot be shown, 
=64~ 
Results of two of the silt tests are shown in photographs 3 and 
4 in Fig. A-B. It is apparent fr orn these photographs that the scouring 
was relatively severe without the aid of the cut-off wall. The graph for 
per cent of rnater ia l m.oved versus discharge (Fig. PJ..-7) indicates rno r e 
clearly the extent of scour, For discharges less than 10,000 cfs.- the 
dikes and pier bents were not of great value, but for dis char ges above 
10,000 c fs . they were effective in reducing scour, 
A2 .... l4 Revision N 
The component parts of Revision N (Fig. A=9) include: (1) the 
straight, parallel, stepped dikes like those of Revision J, (2) the cut­
off wall across the upper end of the blue hole as in all revisions ex.­
cept M, and (3) piersins tead of pile bents. Revis ion N was identical to 
Revision J, except that in the latter the bents were of concrete piling. 
By com.paring the results of Revision J with those of Revision N, the 
effect of piers can be easily seen. 
The rating curves of Revision N (Fig. A=9) are nearly identical 
with thos e of Revis ion M. 
By comparing the rating curves of Revision N with those of 
Revision J and with those of Revision M, it can be seen that neither 
cut-off wall nor piers have any appreciable effect upon either ups tr ee.rn 
or downstream water surface when the perrn.eable dikes are in place. 
As will be noticed, Revision N is also identical with the original rating 
curve except that at higher discharges the bridge opening operates at 
a s lightly greater efficiency under the conditions of Revis ion N. 
The flow patterns in Revis ion N are shown by photographs 1 and 
2 in Fig, A-IO. The large rotating-cell that was on the east side of the 
blue hole under original conditions was almos t non-exis tent. However, 
these continued to be two small rotating cells on the west side of the 
hole. Obviously, floating particles, such as confetti, can indicate only 
the surface pattern of flow. 
'"'''i''''''''''''''' " 
By com.paring the silt-tests photographs of Revision N (No.2 
and 3 in Fig. A-IO) with those of Revision M (Fig. A-8), it can be seen 
at once that the insertion of the cut-off wall decreased the scour 
appreciably, The function of the cut-off wall can be more clearly 
understood by study of the graph for per cent of material m.oved versus 
discharge (Fig, A-9) and by making comparison of it with the corre­
sponding graph of Revision M. 
The effect of piers replacing the pile bents may be seen by 
comparing the graph for rriater ia I m.oved as shown in Fig, A-9 with the 
corresponding graph of Fig, A-5 of Revision J. It 'will be noted that a 
slightly less scour occurred when pier bents were used, especially at 
discharges below 12,000 c fs , and above 17,000 c fs . Flows above 17,000 
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cfs . were not of special interest because the rriaxirrrurn recorded flow 
through Bridge 3 is only 16,300 cfs Q At discharges less than 12,000 cfs. 
effect of piers was favorable, For example, at 10,000 cfs. the use 
of piers instead of pile bents causes the per cent of rria te r ial moved to 
op from 13 % to 11 %Q 
Extended Tests on Revision J 
When considering both the hydraulic and economic aspects of 
all fourteen revisions (see Table 2), Revision J was found to be most 
practical. Since abridged tes ts were conducted upon all r e vis ions, it 
considered necessary that a rno r e extensive and thorough investi... 
gaHon be made of Revis ion J. For the convenienc e of identification, 
Revision J is referred to as Revision J' when it was subject to rno r e 
As it rnay be recalled, Revis ion J was compos ed of three 
tinct features: (1) Two dikes on the upstream side of the bridge, 
(3) a c ut-ioff wall on the downs tream s ide of the 
. The dikes were straight, parallel, stepped dikes of a perm.e'" 
character, and were placed s yrrarrie t r i.ca l.ly about the centerline of 
bridge opening and 71 feet therefrom.. The pile bents tested were 
in the condition as they exis t , The cut-off wall was a vertical wall 
laced 45 ft. south of, and parallel to, the bridge centerline. Fill was 
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made in places where necessary on the upstream side of the cut-off 
wall to fo r rn a level surface 0 
Calibration tests s a.rrie as those for Revision J were conducted 
upon Revis ion Ji 0 Silt tes ts for Revis ion J we r e not made since the 
silt tests of the original model were rather thoroughly conducted, 
Water surface contours for Revision J§ for the 8,000 cfs . and 
17,000cfs. runs were determined. With reference to the rating 
for Revis ion JR. (Fig 0 A~ 11), it is s een that the ups trearn water 
elevations for 8,000 cfs 0 and 17,000 cfs 0 were respectively 
375035 ft . and 382 060 ft. at a point ZOO ft , west of the west bridge 
abutment. The three steps on the dikes were at elevations 37000, 
374.0, and 378000 Thus, at a di.s che.r ge-of 8,000 c fs , the second step of 
the dikes was overtopped, and at 17,000 cfs. the entire length of dikes 
was overtopped 0 In comparis 0 a with the original contours for the 
corresponding d ischer ges , it will be noted that the steepness of the 
hydraulic gradient was much decreased in Revision J and that the 
curvilinear character of the approach flow was suppressed and moved 
ups 'trearn from the bridge opening. 
The water surface profiles for the centerline of the bridge 
opening and for the east-west range 20 ft. north of and parallel to the 
bridge centerline are shown in Fig. A= 11 for both the original and 
Revision JI. It will be noted that the centerline profile of Revision JI 
was not as steep in the approach to the bridge as was the profile of the 
original. This indicates less velocity variation along this line. The 
lowest wa te r surface elevation for Revision JI in the bridge area for 
a discharge of 8,000 cfs. was not greatly different fr o rn the same of 
the original, but was fo r rne d w i th a more mild and unifo r rn approach. 
At higher discharges the original tests indicated a m.uch steeper 
,,~V?" '''''Cc'H',''y",,:,,,,,,,,,·, 
hydraulic gradient, dropping to a low point jus t downs tream. from the 
idge centerline. 'When com.paring the profiles for 17,000 cfs q it will 
be seen that the profile for the original was lowered to an elevation of 
380.10, or 0.5 foot lower than the surface elevation at 65 ft. further 
downstream.. The relative smoothness of the transition for Revision 
r' is striking. 
The ee.s t-iwe s t profiles (Fig. A-II) indicate that the distribution 
of flow across the bridge opening was greatly Irripr-oved by Revision r': 
It will be seen that the wate r sur fac e in the center of the opening was 
higher than that rie a r the approach fills in both instances. Howeve r , 
the difference between the highest and lowest water surfaces across 
the opening was 0.9 ft. for the original as com.pared to 002 f t , for Re­
vision Ji at 8,000 cfs. The same comparison for a discharge of 17,000 
c fs , is again 0.9 ft. for the original as ccrnpa r e d to 0.55 ft. for Revision 
JI. The most extreme difference between the water surface of the 
central section and that near the approach fills at 12, 000 cfs. was 1.7 
ft. in the or igina1 agains t 0.25 ft. for Revis ion r'. 
The average values of meter velocities aeras s the bridge 
opening at 20 ft. north of the bridge centerline were plotted against 
dis charges (Fig. A-II). The corresponding values from the original 
tests are also s hown in the figure. The accuracy of rrie ter velocities 
at certain points is questionable because of the turbulence and fluctu­
ation of velocities at those points with respect to time. Average 
meter velocities for Revision JS are Iowerrthan the original at dis­
charges greater than 13, 000 cfs. Higher average velocities appear to 
occur in Revision JI for discharges less than 13, 000 cfs. During the 
calibration or original test for discharges less than'13,000 cfs,; the 
flow conditions were such that at least one and usually two velocity 
stations out of seven had such low values that they were below the 
range of the velocity meter. The calibration values plotted were for 
the average of all seven velocity stations and hence the average value 
was low. This is the reas on for the change in pas ition of the two 
curves at discharges less than 13,000 cfs . 
The rne a n velocities of flow, V = Q/A, were plotted against 
dis charge as shown in Fig. A-II. The corresponding plot for the 
~7.0-
original tes t is als a shown for comparis on. The curve for 
follows the original closely except that it has a slightly greater 
later peak. The flow through the bridge opening was 
dis tributed for Revision J 1, There were no areas of backwater. in the 
bridge opening and all bays carried a relatively equal flow, pr opor tton­
ate to their cross sectional areas, 
The photographs (Fig. A-12) indicate a part of the surface flow 
by means of confetti. It should be noted, however, the indication by 
confetti is indicative of the surface flow pattern only as the confetti 
does not show the nature of the sub-surface flow . Since the layer of 
flow near the stream bed is the portion of flow responsible for scour, 
its prime importance is evident. The observation on s ub-vs ur fac e 
flow was made by dropping a short piece of string into the water, and 
thus the direction of flow at any depth could be seen in any location 
desired. The tests indicated that the surface flow over the dikes was 
alm.ost perpendicular to the centerline of the opening for a short d i s> 
tance from the dikes, but underneath this top layer of flow there ap­
peared another layer that consistently IT10ved parallel to the centerline 
of the opening and hence parallel to the dikes. The para l l.e I flow of the 
Iowe r layer existed from dike to dike across the entire width of 
opening. The cross flow and turbulence of the surface layer did not 
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found to be well 
is a 
piers. 
al moved. 
either to the stream bed or to a great distance beyond the 
very significant advantage obtained by the use of dikes, 
The silt tests of Revision J have been discussed before, The 
resulting graph for per cent rne.te r ia l moved versus discharge is 
compared with similar graphs of the original test and the tests for 
N; K, and M (Fig. A-13), It will be recalled that Revision 
same as Revision J exc.ept that the former had piers and 
Iatter had pile bents. Revis ion K had no dikes but pile bents and 
walL Revis ion M had no cut-off wall but stepped dikes and 
It will be seen that neither dikes alone nor cut-off wall alone 
gave an adequate solution to the scour problem, but by using both 
dikes and cut-off wall the scour was reduced to a reasonable extent. 
It should be noted again that the results shown by silt tests were 
qualitative only and did not indicate the quantities of prototype rriate r i> . 
However, from such tests the degree of reduction in scour­
ing capacity can be detected. 
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APPENDIX 3 FLOOD FREQUENCY STUDY 
In the design of hydraulic structures it is sometim.es desirable 
know the frequency of occurrence of a flood of given magnitude. A 
curve showing the relation between flood magnitude and probable r e> 
currence interval will aid the engineer in preparing a rnos t econom.ic 
des Ign, since it will provide a m.eans of balancing the benefit aris ing 
from adequate flood prevention against the expenditure for the 
structure. The recurrence interval is the average period in years be­
tween the occurrence of a flood of given magnitude and an. equal or 
larger flood, It should be noted, b.oweve r , that once the recurrence 
interval is determined, it does not nee e s s a r ily rnean that the flood of 
given magnitude will occur exactly once in the interval. The r-e cuz> 
renee interval indicates only an average condition. The reliability for 
determining the recurrence interval depends on the e.c cur-ac y of data 
and the length of record, 
For determining the flood fr-e quency in the Wabash River ~ the 
records available at Ne~1 Harmony, India.na , and Mt , Ca.r rne I, Illtno ls , 
cover respectively 9 years (October 1938 to September 1947) and 20 
years (October 1927 to Septem.ber 1947). The annual maximum mean 
daily discharges of records were listed in increasing order of magni­
tude. The annual rnaxim.urn discharge record at Mt . Carm.el covering 
-73='
 
a period (October 1938 to September 1947) corresponding to that at New 
Harmony was als a lis ted in increas ing order of magnitude, By plotting 
thes e data on a special probability paper developed by Powell (Ref. 3) 
for the Gumbel method of frequency analysis, three straight lines were 
drawn respectively for plotted data of the periods: 1938-1947 for Mt , 
Carmel, 1938-1947 for New Harmony, and 1927-19 L17 for Mt , CarmeL 
The plots indicate that for discharges greater than 86,000 cfs,~ a flood 
of a given magnitude would have a shorter recurrence period at New 
Harmony than at Mia CarmeL In other words ~ for the same recurrence 
interval, the discharge at New Har rnoriy would be greater than that at 
ML Carmel. 
By cornpar Ing the short record at New Harm.ony and the long 
record at Mt. Carmel and by increasing discharges of high recurrence 
intervals at Mt. Carmel in proportion to the increase indicated by the 
r ecor ds of same period at New Har rrio rry and Mt. Carmel, it was possi­
ble to derive afrequenc:y curve of longer period at New Har rnorry , This 
curve together with the Wabash River rating curve and the New Harm.o­
ny stage versus Bridge 3 discharge curve were used to derive a 1"e­
lation between discharge at Bridge 3 and recurrence interval as shown' 
in Figure A""" 14. With reference to the rating curve for Bridge 3, a re­
lation between the recurrence interval and the upstream water surface 
elevation at Bridge 3 can also be plotted as shown in Figure A-IS, 
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transformed to parallel flow through bridge overtopping of dike. Qp = 12000 cfs 
opening. Qp = 8000 cfs 
Photo 3 Overhead VIew of result of silt test.
 
Op =8000 cts Time for test: 120 minutes
 
Photo 4 Overhead view of result of silt test.
 
Op =17000 cfs Time for test: 120 minutes
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Photo / Overhead view of model. Op =8000 cfs 
Note confetti stopped by the westerly dike. 
Photo 2 Overhead view of model. Qp =/2000 cfs 
Note rotating cellon the westerly side of hole. 
Photo 3 Overhead view of result of slit test.
 
Op =8000 cfs Time for test: 120 minutes
 
Photo 4 Overhead view of result of silt test.
 
Op =17000 cfs Time for test: /20 minutes
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Fig. A /4 Flood frequency curve at Br/dge 3­
discharge vs recurrence interval 
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